The effect of pectic oligomers and 1-aminocyclopropane carboxylic acid on ethylene biosynthesis and color change was studied in ripening tomato pericarp discs excised from maturegreen tomato fruit (Lycopersicon esculentum Mill.). Pectic oligomers induced at least four distinct responses when added to pericarp discs: (a) a short-term, transient increase in ethylene biosynthesis; (b) a long-term, persistent increase in climacteric ethylene in discs excised from mature-green fruit; (c) an advance in ripening processes, as indicated by increased reddening of the disc surfaces; and (d) a darkening of the treated endocarp surface. Pectic oligomers appear to affect the ripening of exocarp and endocarp tissues by different mechanisms. In exocarp tissues, the acceleration of reddening by pectic oligomers might simply be a consequence of induced ethylene biosynthesis. In endocarp tissues, the acceleration of reddening appears to be a direct effect of oligomers on ripening processes. We suggest that the rate of ripening of endocarp tissues may be regulated, in part, by the release of pectic oligomers from the cell walls of adjacent exocarp tissues. Exocarp and endocarp tissues of pericarp discs appear to differ in their sensitivity to ethylene at each maturity stage, and to exhibit independent changes in sensitivity to ethylene as ripening progresses. The tissue-specific pattern of reddening in tomato pericarp may result from this differential sensitivity to endogenous ethylene concentrations.
The phenomenon of climacteric ripening clearly encompasses a diverse set of physiological processes. In tomato fruit (Lycopersicon esculentum Mill.) obvious changes in color, texture, flavor, and aroma progress through an anatomically complex fruit in just a few days (2, 13) . Color change in tomato occurs in a rather circuitous pattern. In a typical fruit, loss of chlorophyll and synthesis of lycopene begin in the locular or central columella tissues, emerge externally at the stylar end ofthe fruit, then spread rapidly across the superficial exocarp layer, before progressing into the underlying endocarp tissues (13, 23) . Changes in ethylene biosynthetic activity (4) and PG3 activity (26) have been recently shown to follow a similar circuitous pattern. The regulatory mechanisms which are responsible for this complex spatial pattern of ripening are unknown.
Ethylene plays a critical role in the induction and coordination of ripening processes in climacteric fruit. The rise in ethylene biosynthesis is an early event in tomato ripening ( 14, 25) , and continued ethylene synthesis (11) and action (10) appear necessary to the continuation of ripening processes. The progressive increase in internal ethylene concentration may control the temporal sequence of expression of some ripening-related genes in pericarp tissues (21) . However, because of the rapid diffusion of ethylene within the tomato fruit (6) , it seems unlikely that local differences in ethylene concentration can be responsible for the spatial sequence of tomato ripening. We have noted that green pericarp discs removed from the ethylene environment of a whole tomato nonetheless redden in the same temporal, spatial, and tissuespecific patterns seen in intact fruit (7) . The tissue-specific sequence of ripening more likely arises from local differences and differential changes in sensitivity to ethylene, and perhaps from responses to other regulatory signals.
Compositional changes in the cell walls of ripening fruit have received much research attention both because of their influence on fruit firmness (17) and because of a possible role in regulation of ripening processes (2) . Tomato ripening is characterized by various changes in cell wall composition, such as a decrease in degree of polymerization of pectic and hemicellulosic fractions and an increase in water-soluble uronides and other carbohydrates within the cell wall (2, 13, 15) . PG, a cell wall enzyme which cleaves nonesterified linkages in the a-1 ,4-polygalacturonic acid backbone of cell wall pectins, has been long thought to control tissue softening in tomato fruit (3, 15, 17) and perhaps to initiate or regulate ripening processes by the release of wall-bound enzymes (27) or regulatory cell-wall fragments (2) . Much recent evidence contradicts such a simple role for PG in the regulation of softening or ripening (12, 14, 22, 24) , but many of these studies do not address the anatomical complexity of the ripening process in tomato. Whether local differences and changes in ethylene sensitivity or in cell wall composition might regulate the progress of local ripening processes can only be investigated at the tissue level.
We have examined the ripening processes in tomato pericarp discs using a novel system for disc handling which allows application of treatments to individual discs and subsequent monitoring of ethylene biosynthesis, respiration, and color change (7) . Pericarp discs excised from mature-green tomato fruit undergo progressive changes which closely model those which occur during ripening in whole fruit. In these discs, ethylene biosynthesis and respiration undergo a climacteric rise, skin color changes from green to red, tissues soften, hydrolytic enzymes increase, cell wall composition changes, and characteristic aromas and flavors develop in a spatial and temporal pattern similar to that observed in intact fruit (7) . The outlined experiments were undertaken to determine if exogenous pectic oligomers have an effect on tomato pericarp discs consistent with a role for endogenous oligomers in the regulation of ripening processes in tomato (8) .
MATERIALS AND METHODS

Tomato Fruit
Field-grown tomato (Lycopersicon esculentum Mill.) fruit from variety '674' were obtained at the mature-green stage from Florida ( 13, 23) .
Disc Preparation and Handling
Procedures for preparation, handling, and measurement of pericarp discs are more thoroughly described elsewhere (7 
Measurement of Color and Ethylene
The color of individual discs was measured daily through the clear plastic bottom of the tissue culture plate with a handheld reflectance colorimeter (Minolta CR-200). Discs could be turned to measure the color of either the intact skin (exocarp) or cut flesh (endocarp) surface. Color was recorded using the L*a*b* uniform color space (CIELAB), where L* indicates lightness, a* indicates hue on a green (-) to red (+) axis, and b* indicates hue on a blue (-) to yellow (+) axis (18) .
Rates of ethylene biosynthesis of individual discs were determined daily or as needed. In a sterile hood, the normal plate lid was replaced by a three-tiered assembly consisting of a sheet of fresh Parafilm, a soft neoprene-lined rubber gasket, and a reinforced perforated plastic lid. Hand clamps compressed the assembly against the raised rim of each well to produce a 3.5 ml, gas-tight chamber around each disc. After 15 to 20 min, a 1 -mL sample of accumulated gases was drawn from each well with a needle inserted through the gasket and Parafilm, and the sample was analyzed for ethylene as above. Ethylene measurements were made before color measurements or the treatment or turning of discs to minimize induction of ethylene by handling.
Application of Treatments
Treatments were applied as sterile, unbuffered aqueous solutions in aliquots of 10 uL distributed by pipette in several droplets across the cut surface of the endocarp. The droplets were usually absorbed into the disc within an hour after treatment. Pectic oligomers and monomeric galacturonic acid were added to discs at concentrations of 100, 10, or 1 Agg/ 10 ,uL. Galacturonic acid treatments were applied to account for oligomer effects that might be due to changes in pH or metabolizable substrate. ACC was added at a concentration of 10 nmol/10 ,uL. ACC treatments were applied to account for oligomer effects that might due to induced ethylene.
Treatments were applied twice, the first treatment usually 24 to 48 h after disc excision and the second treatment approximately 24 h later. For study of responses at progressive color stages, first treatments were applied at 1, 2, or 3 d, or at 2, 4, or 6 d, after excision, and second treatments 24 h later. Treatments were applied to sets of eight replicate discs.
The pectic oligomers used in this study consisted of mixtures of smaller (G7) Hours After Treatment Figure 1 . Short-term change in ethylene biosynthesis in response tc larger pectic oligomers (Gl 2) by pericarp discs prepared from singlE green tomato fruit at maturity stages MG2 (a) or MG4 (b). Treatmentz of water or oligomers in water were applied 24 h after disc excision Bars indicate the standard deviation for sets of eight pericarp discs.
of California, Davis. HPLC gradient analysis indicated tha G7 contained oligomers with a DP from 5 to 13, with 909i of carbohydrates in DP 7 to 9, and GI 2 contained oligomer from DP 6 to 19, with 90% in DP 10 to 12 (JM Labavitch LC Greve, unpublished data). The preparation and composi tion of these mixtures are described more fully elsewhere (9) The described experiments were repeated several times, anc typical results are reported. Discs from MG3 and MG4 frui behaved similarly; only results from MG4 fruit are shown.
RESULTS
Transient Change in Ethylene Biosynthesis
Pectic oligomers induced a rapid, transient increase in th( rate of ethylene biosynthesis when applied to tomato pericar discs. Ethylene biosynthesis rose within an hour of treatment reached a maximum after about 4 h, then declined slowlI toward control levels (Fig. 1) . The maximum rate of ethylent biosynthesis generally increased with amount of oligome: applied from 1 to 100 fig oligomer per disc (Fig. 1) , anc reached a maximum at around 100 ,ug oligomer per disc. Ir response to 100 ug of oligomer, the rate of ethylene biosyn thesis in preclimacteric discs typically increased 100 to 300 ¶7i from pretreatment levels, from below 4 nL/g fresh weight/I to above 10 nL/g fresh weight/h. The pattern of increase wa similar in response to G7 and G 12.
Treatment of discs with water alone induced no increase or only a slight transient increase in the rate of ethylene biosynthesis, usually less than 25% of that induced by 100 Aig of G7 or G 12 (Fig. 2) . Treatment with galacturonic acid usually induced a slight, transient increase in the rate of disc ethylene biosynthesis that was typically 25 to 50% of that induced by an equal weight of pectic oligomers (Fig. 2) .
Application of ACC to the cut surface of pericarp discs resulted in a rapid, predictable conversion ofACC to ethylene, which reached a maximum rate usually within 2 h. Both the maximum rate and total yield of ethylene from ACC depended on the concentration of ACC applied (data not shown). Treatment with 1O nmol of ACC yielded ethylene at more than twice the maximum rate and four times the yield of ethylene induced by a 100 ,ug treatment with pectic oligomers, in d old discs from fruit at maturity stages MG2, MG3, and MG4 (Fig. 2) . Treatment with 10 nmol of ACC was used as a test of ethylene effects on reddening and darkening responses.
Effect of Maturity on Ethylene Biosynthesis
Pectic oligomers induced a similar, short-term increase in ethylene biosynthesis in discs from fruit at all maturity stages, MG2 (Fig. la) , MG3 (not shown), and MG4 (Fig. lb) , however, the pattern of decline after the induced maximum changed with fruit maturity. When discs from MG2 fruit were treated with oligomers, the rate of ethylene biosynthesis usually returned to the low, stable levels of the untreated control s discs within 24 h after treatment (Fig. la) . When discs from MG3 or MG4 fruit were treated, the induced increase in ethylene biosynthesis was frequently superimposed over the climacteric rise in ethylene biosynthesis, which usually began within one or two d after excision of discs from MG3 or MG4 't fruit and coincided with reddening of the pericarp discs ( Hours After Treatment Figure 2 . Short-term change in ethylene biosynthesis in response to larger (G12) or smaller (G7) pectic oligomers, galacturonic acid (Gl), or ACC. Pericarp discs were from the same MG4 tomato fruit represented in Figure 1 b. Treatment application and statistics as in Figure 1 . frequently after the climacteric peak (Fig. 3) . Galacturonic acid did not induce a persistent increase in the rate of biosynthesis in discs from MG3 or MG4 fruit. ACC did produce a long-term increase in ethylene biosynthesis in discs from MG3 or MG4 fruit, but the increase due to added ACC appeared to be less than that expected from conversion of ACC to ethylene (440 nL/disc or 1460 nL/g fresh weight).
Change in Tissue Reddening
Pectic oligomers induced an increase in redness and the rate of reddening when applied to tomato pericarp discs (Fig.  4) . This increase in redness was more apparent on the cut surface ofthe endocarp to which treatments were applied (Fig.  4, a and b; Fig. 5 ), but was usually detectable on the intact exocarp side as well (Fig. 4, c and d) . The increase in rate of reddening was usually apparent within 1 d of treatment, and usually continued for several days after treatment, producing a significant increase in the redness of both disc surfaces which usually persisted throughout subsequent color change. The increase was related to dose over at least two orders of magnitude (Fig. 5) , and reached a maximum at around 100 ,ug oligomer per disc. The pattern of increase in redness was generally similar in response to G7 or G12 (Figs. 4 and 5) .
ACC also increased the rate ofreddening oftomato pericarp discs, but affected the relative reddening of endocarp and exocarp tissues differently than did pectic oligomers. The increase in reddening of the cut surface of the endocarp due to ACC was consistently less than that induced by pectic oligomers (Fig. 4, a and b) , whereas the increase in reddening of the intact surface of the exocarp was usually greater than that due to oligomers (Fig. 4, c and d) . Treatment with galacturonic acid usually also induced a significant increase in the rate of reddening ofboth disc surfaces, but this increase was always less than that induced by an equal weight of pectic oligomers (data not shown).
Effect of Maturity on Tissue Reddening
Pectic oligomers induced an increase in reddening of endocarp and exocarp tissues when applied to green discs excised from tomatoes at all maturity stages: MG2 (Fig. 6) , MG3 (not shown), and MG4 (Figs. 4 and 5) . Discs excised from MG2 fruit did not usually redden in this interval when left untreated or treated with water (Fig. 6) ; whereas untreated or watertreated discs excised from MG3 or MG4 fruit usually began to redden within one or two d (Figs. 4 and 5) . Thus in MG2 discs, added oligomers induced reddening in both tissues, while in MG3 and MG4 discs, they accelerated ongoing changes in redness.
The effect of ACC on disc reddening changed with fruit maturity and differed between endocarp and exocarp tissues. ACC induced an increase in reddening of exocarp tissue in discs from fruit at all green maturity stages; however, exocarp tissue from MG2 fruit reddened the least in response to ACC relative to pectic oligomers (Fig. 6, c and d) . ACC induced an increase in reddening of endocarp tissue only in discs from MG3 or MG4 fruit (Fig. 4) . Endocarp tissues from MG2 fruit did not usually redden in response to 10 nmol of ACC (Fig.  6, a and b) , even though this treatment produced more than four times the total ethylene of red-inducing oligomer treatments. Endocarp reddening and increased exocarp reddening could be induced in MG2 discs by treatment with 50 or 100 nmol of ACC (data not shown), which produced a further 5-to 10-fold increase in total ethylene released.
The effect of pectic oligomers and ACC on color change at later color stages (a* > 0) was determined by treatment of subsets of discs at 1 or 2 d intervals after excision from MG3 and MG4 fruit. The absolute and relative effects of oligomers and ACC on endocarp and exocarp reddening changed as exocarp color progressed from the green (a* 6 5) through the pink (O < a* < 10) stages of rapid color change to light red (a* > 10). At the start of color change (exocarp a* < 5), endocarp reddening was more sensitive to oligomers than to ACC treatment (Fig. 5, a and b) . During color change, the reddening response of endocarp tissue to pectic oligomers remained relatively constant, while the color response to ACC increased (Fig. 7, a and b) ; as a result the color responses of endocarp to oligomers or ACC converged as ripening progressed and exocarp a* exceeded 5. In contrast, exocarp reddening was more sensitive to ACC than to oligomer treatment at the start of color change (Fig. 4, c and d) . During color change, the reddening response of exocarp to oligomers initially increased (exocarp a* < 5), then responses to oligomers and ACC both decreased during the stage of rapid color change, such that neither oligomers nor ACC induced a -c (0 consistent increase in reddening of exocarp tissue when a* exceeded 10 (Fig. 7, c and d ).
Changes in Endocarp Darkening
Pectic oligomers also induced a second, distinct effect on disc color change: a darkening of the cut surface of the endocarp of green pericarp discs, as indicated by a decrease in the L* value (Fig. 8) . A change in darkness of the endocarp was usually apparent within 1 d after oligomer treatment, and usually continued for several days after treatment, producing a significantly darker surface which persisted throughout subsequent reddening. Darkening increased with oligomer concentration, from 1 to 100 ,ug (data not shown). In some earlier experiments, in which disc desiccation may have been a problem, the darkening of tissues induced by oligomers was pronounced, originating in the vascular strands, then spreading to the cut surface of the endocarp, and was presumed to be due to synthesis ofphenolic compounds (8) . As disc storage conditions were changed to reduce water loss from the discs (from 5% to 1% per week), the darkening of endocarp in response to oligomers became the slight, uniform darkening of the cut endocarp surface reported here.
Induction of darkening by pectic oligomers was not simply due to induced ethylene, or to addition of a metabolizable substrate, or to buffering of tissue pH. Added ACC did not induce tissue darkening, and an equal weight of added galacturonic acid did not produce equivalent darkening (Fig. 8) . DISCUSSION 
Changes in Ethylene Biosynthesis
In tomato fruit, increases in ethylene biosynthesis can be induced by both environmental and developmental events. Wounding of tomato pericarp tissues results in a rapid, transient increase in ethylene biosynthesis at all color stages ( 19) . (2, 16, 19, 20) . Climacteric ripening is characterized by a slow rise in ethylene biosynthesis (2, 13) . The persistent increase in climacteric ethylene induced by pectic oligomers is consistent with a role for endogenous oligomers in the regulation of ripening. In assessing the effects of pectic oligomers on ripening, it is important to distinguish between direct effects of oligomers on ripening processes and secondary effects which are a consequence of induced ethylene.
Changes in Tissue Reddening
A change in color of pericarp tissues from green to red is a definitive characteristic of ripening in tomato fruit (2, 13) . By this standard, pectic oligomers can both induce and accelerate the rate of ripening of endocarp and exocarp tissues in pericarp discs. However, the mechanisms by which pectic oligomers accelerate the ripening of exocarp and endocarp tissues appear to differ.
In exocarp tissues, at later maturity stages, the acceleration of reddening by pectic oligomers may be simply a consequence of induced ethylene biosynthesis. In endocarp tissues, the acceleration of reddening by oligomers appears to be a more direct effect of oligomers on ripening processes; the effect of pectic oligomers on endocarp reddening can not be duplicated by treatment with ACC, except at the final maturity stages.
Regulation of Disc Ripening by Ethylene
Changes in the sensitivity of specific tissues and processes to ethylene may be an important factor in regulation of tomato ripening (20, 21) . The reddening response of pericarp tissues to added ACC can serve as a measure of tissue sensitivity to ethylene. By this standard, exocarp and endocarp tissues appear to differ in their sensitivity to ethylene, and to exhibit independent changes in sensitivity to ethylene as ripening progresses. Exocarp tissues appear sensitive to added ACC at all maturity stages, and more sensitive than endocarp tissues from MG2 until exocarp a* > 5 (Figs. 4, 6 , and 7).
Endocarp tissues appear insensitive to added ACC at the MG2 maturity stage (Fig. 6, a and b) , but become sensitive to added ACC by MG3 (Fig. 4, a and b) and increase in sensitivity into the late ripening stages (exocarp a* > 10; Fig.  7, a and b) . The tissue-specific sequence of reddening seen in pericarp discs (7) and in intact fruit (23) may result from these initial differences and differential changes in sensitivity to endogenous ethylene concentrations.
Ripening processes can be limited by sensitivity to ethylene or by ethylene concentration (20, 21) . In exocarp tissues, both the ethylene sensitivity of exocarp tissues and the ethylene concentration in untreated pericarp discs appear sufficient to allow ripening of exocarp at the rate characteristic of intact fruit (7) . In endocarp tissues from MG2 fruit, insensitivity to ethylene appears to limit endocarp response to endogenous ethylene and added ACC. By the onset of exocarp color changes, ethylene concentration appears to replace ethylene sensitivity as the limiting factor in endocarp reddening. The ethylene concentration in untreated pericarp discs appears insufficient to allow a normal rate of reddening in endocarp tissues, and endocarp tissues in discs fail to redden to the extent found in intact fruit (7) .
Regulation of Disc Ripening by Added Pectic Oligomers
The mechanisms by which pectic oligomers might affect the ripening of endocarp tissues are unknown. We speculate that added oligomers might accelerate ripening by increasing the sensitivity of endocarp tissues to ethylene, and thus allow acceleration of ripening processes by existing ethylene concentrations. In a similar manner, the increase in soluble uronides which occurs in pericarp discs at middle color stages (7) may be responsible for the increase in sensitivity of endocarp tissues to added ACC which occurs at the same stage.
It has been reported that pectic materials generated from tomato fruit cell walls (5) and PG isolated from red tomatoes (1) can induce ethylene biosynthesis and accelerate exocarp reddening when introduced into whole, green fruit by vacuum infiltration. Our results appear consistent with these reports, but also suggest caution in interpreting such responses. Ethylene induction after vacuum infiltration may represent a vascular tissue wound response to pectic oligomers, and subsequent color change may merely be a response to the induced ethylene.
Are Pectic Oligomers Endogenous Regulators of Ripening?
The effects of added pectic oligomers on tomato endocarp tissues are consistent with a role for native oligomers in the regulation of ripening processes in both intact fruit and pericarp discs. We suggest that the rate of ripening of endocarp tissues may be regulated, in part, by the release of pectic oligomers from the cell walls of adjacent exocarp tissues. Other carbohydrates released from the wall might play similar or complementary roles. We have found that endogenous carbohydrates isolated from ripening tomato fruit, but low in uronic acids, also induce changes in ethylene biosynthesis and tissue reddening in pericarp discs (unpublished data), a result similar to that recently reported by Tong and Gross (28) Tieman and Handa (26) have shown that PG activity spreads through the exocarp of intact tomato fruit, before progressing into adjacent endocarp tissues. Recent work in our laboratory indicates that water-soluble uronides (7) and small pectic oligomers, in particular (V Vreeland, JW Labavitch, unpublished data) are present in ripening pericarp discs and increase in concentration as the exocarp reddens. Thus, pectic oligomers appear to be present at a place and time appropriate to a role in regulation of the tissue-specific sequence of tomato ripening.
